MOLECULAR REPEODUCTION AND DEVELOPMENT 61:802-S11 (2002) 

DOI 10.1002/mrd.l0043 



Transgenic Pigs Expressing Human 
Decay-Accelerating Factor Regulated by Porcine 
MCP Gene Promoter 

HIROSHI MURAKAMI,^* HIROSHI NAGASHIMA,* YOlCHI TAKAHAGI,^ SHUJI MIYAGAWA.' 

TATSUYA FUJIMURA,^ KO JI TOYOMURA,^ RIE NAKAI,* MAKO YAMADA.^ 

TAKASHI BITBIHARA,' TAMOTSU SHIGEHISA,^ MASARU OKABE,* TSUKASA SEYA,* 

RYOTA SHIRAKURA,' and TABOH KINOSHITA' 

^The Animal Engirteering Research Institute, Tsuhuba, Ibcraki 

'Laboratory of Reproduction Engineering) Meiji University, EawasakU Kanagawa 

^Divieion of Transplantation, Department of Regenerative Medicine, Oscxka University Graduate School of Medicine, 
Suita, Osaka 

^H^D Center, Nippon Meat Packers Inc., Tsukuba, Ibarahi 
^Genome Information Research Center, Osaka University, Suita, Osaka 

^Department of Immunology, Osaka Medical Center for Cancer and Cardiovascular Diseases, Higashinari, Osaka 
^Departmsnt of Immunoregulation, Research Institute for Microbial Disto^es, Osaka University, Suita, 
Osaka, Japan 



J 
1 



ABSTRACT Porcine membrane cofactor pro- 
tein (pMCP) is abundantly expressed throughout the 
body with particularly strong expression on the 
vascular endothella. Previous studieis dernonstrated 
that the promoter. of the pMCP gene induced efficient 
expression of a human complement regulatory protein, 
decay-accelerating factor (DAP; CD55), in transgenic 
mice. In the present study, we tried to produce trans- 
genic pigs with two hybrid genes, 0.9/hDAF and 5.4/ 
hDAF, which were composed of human DAF (hDAF) 
gene regulated under pMCP promoters of different 
lengths (0.9 and 5.4 Kb). Five live founder transgenic 
pigs were obtained only with the Q.9/hDAF construct 
Aitnougn, Tour Tounoer pigs transmitted the transgene 
to the second generation, the transmission rates varied 
among founders, We examined the expression of hDAF 
in tissues ofdescendantsoftwo lines (Dm 1 and Dm4). 
Human DAF specific RNAs were confirmed by an RT- 
PCR analysis In all organs examined, l^ls of hDAF 
protein in the organs from tine descendants of Dm 1 line 
were higher than those in the corresponding human 
oilgans as determined by enzyme-linked immunosor- 
bent assay. Immunohistochemical studies showed that 
the tissue distribution of hDAF in the descendants of 
both lines was similar to that of endogenous pMCP. 
The expression* level of hDAF on the vascular endo- 
thelial cells in Dml line was twice that on the 
corresponding human cells. We tested whether proin- 
flammatory cytokines upregulate an efficiency of pMCP 
promoter on hDAF expression in transgenic pigs. 
Although the expression of hDAF on the human endo- 
thelial cells increased with a combination of cytokines, 
tumor necrosis factor a and interferon-^, no cytokine- 
induced upregulation was seen in the cells of trans- 
genic pigs. The endothelial cells from transgenic 
pigs exhibited high resistance to the human serum- 
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lOTRODUCTION 

The major obstacles to xenotransplantation of vascu- 
larized organs in discordant species combinations, such 
as pig to human, are hyperacute rejection (HAH) and 
acute vascular rejection (AVR) (Lawson and Piatt, 
1996). KAB leads to eevere graft deBtruction, such as 
edema, hemorrhage, thrombosis, and necrosis within 
minutes to hours (Piatt et al., 1991)- In the pathogen- 
esis of HAR, the binding of xenoreactive antibodies to 
donor vascular endoth^al cells and following activa- 
tion of recipient's complement are critical factors 
(Dalmasso et al., 1992). To prevent recipient's comple- 
ment activation, donor pigs that are transgenic for 
human complement regulatoiy proteins (CRFs) such as 
decay accelerating factor (DAF, CD55) (Cozzi et al,, 
1994), CD59 (Fodor et al., 1994). and membrane 
cofactor protein (MCP, CD46) (Adams et al., 2001), 
have been produced. Pig-to-baboon transplantation 
experiments using those , transgenic pigs showed that 
HAR waa prevented (Schmoeckel et aL, 1998). In AVR 
that is characterized hj hemorrhage, thrombosis, and 
a mononuclear cell infiltration into donor organs, 
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activated T lymphocytes, macrophages, and NK cells 
play roles (Piatt et aL, 1998). It wafi shown that AVR 
could occur independently of complement activation 
following binding of xenoreactive antibodies to vascular 
endotbelia of the grafts. To prevent AVE, donor pigs 
should be manipixlated to reduce the major xenoepitope 
Gal a (1.3)Gal (Galili et al., 1987) and to regulate 
activation of inflammatory cells like NK cells. Disrup- 
tion of a I,3galactosyltransferase gene by homologous 
recombination would be effective; however, the 
method is yet to be developed in pig. Alternatively, an 
overexpression of other glyoosyltraneferase genes, 
such aa a l,2-fucosyltran3ferase-that competes with a 
l,3galact03yltransferafie for its substrate- would reduce 
Gal a (l,3)Gal epitope (Sandrin et al., 1995). It was also 
reported that escpression of HLA molecules on pig cells 
effectively inhibited human NK cell-mediated cytotoyi- 
dly in vitro (Saaaki et al., X999). The potential benefit 
of combined esEpressionB of the genes like CBPs and 
glycosyltransferases has been demonstrated in mice 
(Cowan et al., 1998a). 

Several gene promoters have been tested in produ- 
cing transgenic pigs for xenotransplantation. Murine 
H-2 gene and human intercellular adhesion molecule 2 
promoters have been used to express human CRjPs in 
mice and pigs (Podor et al., 1994; McCurry et al., 1995; 
C^jwan et al., 1998b). However, the expression levels 
were inauffident particularly in pigs (Byrne et al,, 
1997; Notiile et aL, 1999). These results suggest that the 
regulation mechanisms for transgene eajpreeaion are 
not the same in mice and pigs. Minigene and genomic 
DNA exhibited sufficient expression levels of human 
CRPs in pigs (Cozzi et al., 1997; Chen et al.. 1999; 
Adams et al., 2001). However, the minigene and 
genomic DNAs having homologous promoter of the 
coding genes express the genes in the same way that 
the genes are originally expressed in vivo. Therefore, 
promoters that express heterologous genes on vascular 
endothelia or other dinicaUy important tissues, such as 
pancreatic islets in pigs, should be developed. 

We and others identified pig homologue of human 
MCP.and studied its activity and tissue diglxibution 
(Toyomura at al-, 1997; van den Berg et al., 1997). Im- 
munohistochemical analysis with anti-pMCP revealed 
that pig MCP (pMCP) is widely and abundantly 
expressed in all tissues examined with particularly 
strong staining on the vascular endothelia (Perez de la 
Lastra et aL, 1999). We identified a promoter region of 
the pMCP gene and found that it supports high level 
expressions of foreign proteins in pordne aorta 
endotheHal (PAE) cells. We also produced transgenic 
mice with pMCP promoters of different lengths and 
demonstrated that both long and short forms expressed 
human DAP at high levels in various mouse tissues 
(Murakami et aL, 2000). 

In the current experiment, we conducted further 
studies to confirm effectiveness of the pMCP promoter 
in pigs- We produced lines of transgenic pigs expressing 
hDAP at higher levels than human cells in a tissue 
distribution similar to endogenous pMCP. 



MATERIALS AND METHODS 
Gene Constructs 
We used two hybrid genes in which 0.9- and 5.4-kb 
upstream sequences from the pMCP gene were eaxJi 
ligated with hDAP minigene (referred to as 0.9/hDAF 
and 5.4/hDAP) as described previously _p^urakam i 
et a l., 2000). B riefly, the hDAP cDNA including first 
mffon was iTgated at 59 bp downstream of the tran- 
scriptional start site within the jfirsrb exon of the pMCP 
gene - 5400 to + 59 or - 841 to + 59; The DDBJ/EMBL/ 
GenBank accession number of nudeotido sequence of 
the 5'-flanking region of the pMCP gene is AB025019. 
We digested the plasmids with Notl and ^o47in to 
remove the vector sequences, and purified the DNA 
fragments for microinjection with spin columns 
(ULTSAFREE®-MC, Millipore Co. Bedford, MA). 

Generation and Breeding of 
Transgenic Pigs 

We used prepubertal Landrace, Large White, and 
crossbred gilts (Landrace/Large White xDuroc) as 
embryo donors and redpients. Methods of superovula- 
tion for gilts were descr^d previously (Takahagi et al-, 
1999). Embryo donors were artificially inseminated, 
and embryos were coUected 50-54 hr after the hCO 
injection. Embryos were centrifuged at 1200Qg for 8 min 
to visualize the pronudei and microinjected with about 
several thousands copies of each hybrid gene. Micro- 
injected embryos were then transferred to unmated 
synchronized redpients or the embryo donors (donor- 
redpients) (Pursel and Wall. 1996). Transgenic 
pigs were identified by PGR and/or Southern blot 
anatysis with genomic DNA extracted from the tail 
tips of the newborn pigs. Founder transgenic pigs and 
their transgenic descendants were bred with non- 
tranflgenic boars or gilts to obtain the second and third 
generations. Copy numbers of the transgenes in pigs 
of the third generation were estimated by a DNA 
dot blot analysis as described previously (Murakami 
et al., 2000). 

RT-PCR 

One microgram of total RNA prepared with Isogen 
(Nippon Gene Co., Japan) was reverse-transcribed 
using a first-strand cDNA synthesis kit (GIBCO-BRL, 
Rockville, MD). We used primers 6'-gtgcctgccggccg- 
tgtggggt and 5'-tccataatggtcacgttocccttg to amplify 652 
bp of hDAP sequence. C5ne hundred nanograms of the 
first-stranded cDNAs were used for PGR with an 
amplification condition; 30 cycles of denaturation at 
94*'C for 30 sec, and aimealing and extension at 68^*0 
for 3 min. 

Immtmohistochemical Staining 

Tissues were embedded in OCT compound (Miles 
Inc., Elkhart, IN) and frozen in dry ice-ethanoL Tissue 
sections (8 fun) were mounted on poly-L-lysin-coated 
ahdes, air dried, and toed in acetone. Endogenous pero- 
xidase was removed by incubation with 0.02% H2O2 in 
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PBS Endogenaufl tissue biotin wafi blocked using 
Blocidng kit (Vector Laboratories, Inc., Burlingaxae, 
CA) Tissues were stained with a biotinylated mAb ^ 
hDAF (10 pg/ml of lAlO), foUowed by development with 
an avidin-Wotin complex horeeradieh perc«idaBe 
method (VECJTASTEIN ABC kit. Vector Laboratories). 
Peroxidase staining was carried out using diammoben- 
zidine reagent set (Kirkegaard & Perry Laboratones, 
Inc., Gaithersburg, MD). Tissues were counterstamed 
with hematoxylin. 

CeUs and CvJture 
Pig endotbeUal cells from several lines of transgenic 
and nontransgenic pigg were isolated by scxapmg ttie 
aorta with a spatula and culturing i^^MEM contam- 
ing 10% FBS with L-glutamine (GIBCO-BRL) and 
penicillin/Btreptomycin (Meyi, Tokyo, Japan). Human 
umbilical arterial endotheUal ceUs (HAECs) purchased 
from Cett Systems Corporation (Kirkland. WA) were 
cultured with CSC-CJomplete Medium Kit acrordmg 
to a manufacturer's recommended protocol. Human 
umbiHcal vein endotheUal cells (HUVECs, a hne ID; 
IF0500271) were provided from Institute for Fenn^^" 
tion Osaka, HUVECs were cultured m Ham F12 
medium (Dainippon Pharm- Co, Osaka, Japan) supple- 
mented with 10% FBS, 50 Rg/ml of endothehal^U 
grow& supplement (Becton Dickinson Labware, Bed- 
ford, MA) and 100 jjigtaJ of heparin sodium (Wako Pure 
Chemical Industries, Ltd. Osaka, Japan). In each 
experiment, pig endothelial cells at passage 2-5 were 
used. Splenocytes from transgenic and ^o^^^ajisgemc 
pigs were prepared by sieving and incubated m distilled 
water for 30 sec to lyse EBCb followed by an additiou of 
the same volume of 2 x PBS and centrifugation. This 
operation was repeated until BBCs were deleted from 
the cell pellet. The cells were washed twice with PBS 
and suspended in PBS. 

Flow Cytometric Analysis 
Cells were suspended in PBS containing 1% bonne 
serum albumin and 0.1% sodium azide (FACS buffer) 
and incubated with a biotinylated anti-hDAF mAb 
(10 us^ml of lAlO) in 100 jil on ice for 30 mm. Thery were 
thenwashed twice with FACS buffer and incubated 
with 10 jAg/ml of Btreptavidin-copjugatedphycoerythrm 
GBlomeda Co., Foster, CA) in 100 ^ on ice for 30 mm. 
They were washed again twice, resuspended in J? AU> 
buffer containing 10% formaldehyde, and analyzed by a 
FACScan (Becton Dickinson). 

Imuaurxoprecipitation and Western 
BlottijD^ Analysis 
One hundred micrograms of liver from transgemc 
and nontransgenic pigs, and 5 x 10« of human periph- 
eral red blood cells (PEBCs) were homogenized m 1 ml 
of a lyaia solution (20 mM Tris-HCl (pH 7.5), 1% NP-40, 
1 mM PMSP, 5 mM EDTA, 10 mM iodoacetoamide 
5 lig/ml aprotinln. 10 jig/ml leupeptin, 10 j^ml 
pepstatin), followed by centrifagation to remove inso- 
luble materials. The supematants were used m the 



following procedures. Protein G^-Sepharose (100 pi 
beads) was incubated with anti-hDAF monoclonal 
antibody aiH6: 60 \ig) at room temperature for 1 hr, 
and washed vrith PBS^BSA (1 mg/mL proteinase^fre^ 
three times. The lyeates were incubated with the IfflB- 
Protein G Sepharose (20 jxl beads/lml lysate) at 4''C for 
1 hr and again washed twice with PBS-BSA. The 
bound hDAF molecules were eluted from the beads by 
incubation for 5 min at SO^C with 100 \fX of sample 
buffer consisting of 5% SDS. 125 mM Tris^HCl, pH 6^8, 
10% glycerol and 0.01% bromphenol blue. After SDb- 
PAQE under non-reducing conditiona on a 5-20% gel. 
proteins were blotted onto polyvinylidene difluoride 
membrane using a wet Western transfer apparatus 
(Bio-Rad). The membrane was blocked in 20 mM Tris- 
HCl (pH 7.5), 0.1% Tween 20 with 5% blocking reagent 
(RPN2108 ECL Western blotting analysis aystem: 
Amersham Pharmacia Biotech) for 1 hr at room temp- 
erature and reacted with either anti-hDAF mAb 
(VII1A7: 4 jig/ml) or irrelevant IgG mAb (4 fig/ml) for 
1 hr at room temperature. Western blot was d^^loped 
by a chemiluxcdnescent detection system (BPN210b 
ECL Western blotting analysis gystem). 

EMyme-Linked Immunosorbent 
Aasay (ELISA) 
Human organ spedmena were obtained from a 
cadaver 6 hr post mortem with the informed consent 
for this study of the patient involved. Tissue blocks 
were excised, snap frozen in liquid nitrogen, and stored 
at - S&'C until use. Tissues were homogenized in the 
NP-40 lysia buffer referred in the former heading and 
incubated at 4''C for 1 hr. The tissue lysatea were 
centrifuged, and the supematants were deep frozen 
and kept at "*95°C until use. To the xnicrotiter weUs 
coated with IIH6 mAb at 5 fig/ml, triplicates of 100 Jil 
tissue lyaates prepared to achieve protein conc^tra- 
tion at 1 mg/ml were added and incubated for 4 hr at 
4*C After washing with PBS containing 0.05% Tween 
20 (PBS-T), incubation with 100 \iL of biotinylated lAlO 
mAb at 1 ^ig/mi for 2 hr at 4''C, washing with PBS-T 
again, and following incubation witli avidin conjugated 
alkaline phosphatase (ZYMED) for 30 min were c^ed 
out. The reaction was developed with Lumi-Phos 530 
(Wako Pure Chemical Industries, Ltd,) and enzyme 
activities were estimated with a microplate fluorometer 
(Fluoroskan Ascent FL®, Thermo Labsystems, Hel- 
sinki, Finland). 

Cytokine Induced hDAF Expression 
Cells (2 X 10^) were seeded in 60-mm petri diahes. 
Eight hours later, recombinant human ILrlp, or tumor 
necrosis factor a (TNF-a) and interferon-y (INF-y) were 
added in cultures at 10 ng/ml, 10 ng/ml, and 500 U/ml 
respectively. Forty-eight hours later, we 
cells using trypin/EDTA, and measured the hDAF 
expreflfliona 1^ flow cytometric analysia. All the (yto- 
kinea were purehaeed from PEPRO TECH EC Ltd. 
(London, UK). 
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Camplement-Mediated Cell Lysis Assay 

This assay was performed using an MTX 'TLDH" kit 
(Kyofcuto, Tokyo, Japan). The endothelial cells from 
transgenic pigs were plated at 2 x 10^ cells per well in 
flat-bottomed gelatin-coated 96-well trays, 1 day prior 
to assay. Fifteen hours after plating the cells, the wells 
were washed twice with serum-free DMEM to remove 
the lactate dehydrogenase (LDH), which is present in 
fetal calf serum, and incubated with several concentra- 
tions of normal human serum (NHS), which had been 
diluted with DMEM. The plates were incubated for 2 hr 
at 37^C and the released LDH was then measured. The 
percent cytotoxicity -was calculated using the formula; 

Ciytcytoxicity-{(E-N-S)/(M^N-S)} x 100 

where E is the experimentally observed release of LDH 
activity from the target cells, Nj the LDH activity in 
each concentration of NH8, S; the spontaneous release 
of LDH activity from target cells incubated in the 
absence of NHS, and M; the maximal release of 
LDH activity, as determined by sonication. The 
spontaneous release of LDH activity from cells was 
less than 5%^ compared to the maximal release 
obtained by sonication. 

Statistics 

The Student ^-test was used to ascertain the 
significance of differences within groups. Differences 
were considered statisticaDy significant when P < 0.05. 

RESULTS 

Generation of Transgenic Pigs and 
Transmission of the Transgenes 

We micrcrinjected 0.9/hDAF DNA into 362 pig ova 
and obtained five transgenics in 43 newborns* There 
was no transgenic pig in 76 newborns obtained from 
1122 ova microingected with 5.4/hDAP DNA The four 
live founder transgenic pigs were bred and mated with 
non-transgenic boars or gilts. Table 1 shows the 
numbers of descendants from each founder pig. All 
founders transmitted the transgene to the second 
generation; however, the transmission rates varied 
among lines. Founders of Dm2 and Dm5 transmitted 
the trangg©ne to only one descendant in 31 and 23 
ofifepring, respectively, whereas Dm4 founder trans- 
mitted the transgene to all 15 offspring* The transgenic 
rate in the third generation of Dto4, 84%, was much 
higher than the expected rate of 50%. The transgenic 



rate of Dml was lower than 60% in the second 
generation but was as expected in the third generation. 
Dml descendants had about 20 copies of the transgene 
in the third generation. We obtained two different copy 
numbers, about 10 and 50, in Dm4 descendants (data 
not shown), suggesting more than one transgene 
integration site. We used Dxxil and Dm4 descendants 
of the third generation in subsequent Studies. 

Expression of hDAF in Various Tissues 
of Traixsgenic Pigs 

mRNA expression in the organus from trans- 
genic pigs- We determined hDAF mRNA expression 
in various tissues from transgenic and non-transgenic 
littermates with RT-PCR. All transgenic organs ana- 
lyzed, namely, heart, lung, kidney, Uver, Rkin, spleen, 
and cerebrum, expressed hDAF milNA as shown by 
generation of tiie specific 652 bp DNA fragment (Fig. 1, 
lanes 2, 4, 6, 8, 10, 12, and 14). Samples of a non- 
" transgemc littermate did not generate specific PGR 
products (lanes 3, 5, 7, 9, 11, 13, and 15). 

Tissue distribution of hDAF in transgenic 
pigs deterxnined with inimunohistochemlstry. To 
determine hDAF expression profiles in various tissues 
from hDAF transgenic pigs, we made sections of heart, 
lung, kidney, liver, skin, spleen, pancreas, and cere- 
brum from transgenic and non^^ansgenic littermates 
and stained them with hDAF specific mAb. All sect- 
ions of transgenic tissues were specifically stained, 
whereas the section of non-transgenic pigs gave only 
background atainiog. Vascular endothelia of capil- 
laries, venules and arterioles, and nerves in all 
transgenic tissues ^fcamined were intensely stained 
(Fig. 2). Other parts of tissues were also spedficaUty 
stained (Table 2). In heart, capillaries in myocardium 
were intensely stained (Fig. 2AJ. Myoc^es were weakly 
stained, whereas atrial myocardium was stained 
stronger than ventricular myocardiiun. In aorta, endo- 
thehal cells and smooth muscle cells in tunica media 
were intensely stained (Fig. 2B). In kidney, glomeruli 
and interlobular vessels were intensely stained 
(Fig. 2C). Proximal renal tubules were faintly stained, 
whereas the distal tubules were less stained. In liver, 
interlobular arteries and veias, and its surrounding 
connective tissues were intensely stained, whereas the 
epithelial cells of bile ducts seemed not to be stained 
(Fig. 2D). Hepatopytes were faintly stainei In slon, 
keratinocytea in epidermis and vessels in dermis were 
intensely stained (Fig. 2E). In lung, the whole tissues 



TABLE 1. TraoBmission Rates of th^ Transgenes in the Four Transgetido Pig Uaes 



2nd generation 3rd generation 



Foundars Sex Total Transgenic$ Total TranBgenics 



Dml Female 47 13 47 26 

Dro2 Female 31 1 

Dm4 Female 15 15 25 21 

Dm5 Male 23 1 
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Fig. 1. BT-PGB anAlyoiB of hDAF mBNA exprasaion in varioua 
tiftsuM from transgeoic pigft. Uudi* 2, heart; L>n« 4, hmg; Laxkft 6, 
Iddn^^, Lui« 8, Uver, JMt XOt slc^ Lue 13, oj^ieea; L»ae 14, 
c»rebnim from » truisgftnic Dml pig-, Laiw 3, heart; Lrate 5, hmg; 
LBn»7,kldiwyiI«ae»,liv«r,L™Xl»»to^ spl»ao;Laii# 
15, cerefanvQQ from A non-tranaganio Iittcnu»te; iMe 16| andcfehelial 
caUa from a tra&s^anio Httarmata; Lan* 17, endothtUal calla from a 
non-tranegft&ic Ixttannate; Lbzm 1$. HAECs. Lonea 1 and 19; 1 
Ud^er maxhn Th* btlAF specific ess bp DNA fragment was 
doUctad in all traaagcfaic and tatu&an aamplea. . 



inducting alveoli, bronchiolesi and vessels strongly 
stained. In pancreas, excretoty ducts and vessels were 
intensely stained, but v^eak staining was observed in 
the ezQcxine acinar cells and islets. 

Qoantitatjive analysis of HDAF expression in 
the organa of trawgenic pigd. Fpr quantitative 
measurement of the hDAF expresaioxia in diiTerent 
organs of transgenic pigs and nontransgenic Utter^ 
mates, we used ELISA and compared them ^th the 
endogenoua hDAF espresaionB in equivalent human 
tissues (Fig. 3). The oigans enabled were from Dml 
and Dm4 descendants. A relatively constant expression 
was obtained in the organs from Dml descendants. 
Almost all the organs from Dml descendants analyzed 
were found to express amounts of hDAF comparable to 
or greater than those found in the equivalent himxan 
tissues. In contrast, the levels of hDAF expression 
varied considerably among individuals of Dm4 descen* 
danta except for the expression in liver, ) 

We then analyzed the hDAF expression levels on the 
aorta endothdial cells and splenocytes by flow cytome- 
try. The endothelial cells fttnn Dml descendants 
expressed hDAF 1.5-^2 times higher than human aorta 
ndothelial cells (Fig. 4). The splenocytes ftx>m Dml 
descendants also expressed hDAF as much as human 
peripheral lymphocytes. The si m ilar e3q)reBflion inten- 
sity of hDAF was observed on the cells from Dm4 
descendants (Fig. 6). We also anatyzcd hDAF expres- 
sion levels on the FRBCs ftt>m deacendants of both lines 
by flow cytometry. The FRBCs from 1-week-old des- 
cendants expressed hDAP higher than human PRBCs. 
However, the levd was decreased to nearly 0 when the 
descenduits reached 10 months old (data not shown). 
This downregulation of the hDAF expression was seen 
only with PRBCs. 

Characterization of hDAF Protein 
Expressed in Transgenio Pigs 

We analyzed the hDAF protein expressed in the 
transgenic pigs by Western blotting (Fig. 5). A 75-kD 
band corresponding to the molecular wei^t of endo- 
genoua hDAF was identified in both the transgenic liver 



extracts (lane 2) and human peripheral red blood 
cell extracts dane 4). No equivalent band was detected 
in the liver extracts &t>m non-transgenic httennates 
Qane 3). 

Effects of Cytokines on hDAF Expression 
in the Transgenic Pigs 
It was reported that hDAF expression is upregulated 
by proinflamjnatory <ytokines, such as IFN-y. Upregu- 
lation of CRPs on ceUs under inflammatory conditions 
would be beneficiai It is not known whether the 
promoter of pMCP is regulated by cytokines. We tested 
whether hDAF expresaion on the endothelial cells of 
transgenic pigs is regulated by cytokines. The cells frx>m 
three transgexdc and one nontransgenic descendants, 
and two human endothelial cell lines were stimulated 
with IL-lp or a combination of TNF-a and IFN-y and 
subsequently analyzed by flow cytometry (Pig. 6), The 
hDAF was constitutively expressed On the resting 
endothelial csUs of both human and the transgenic 
pigs. The levels of hDAF expression on the resting ceUs 
fit)m transgenic piga were approximately two-fold 
higher than human cella. The expressions on HAECs 
and HUVECs were increased up to two-fold with the 
combination of TNF-a and IFN-y. No significant 
increase was observed on the cells of transgenic pigs 
with the cytokine combination. No signiflcaat change of 
the leveb of hDAF espression was observed with IL-Xp. 

Functional Analysis of hDAF E;spressed 
in the Transgenic Pigs 

We demonstrated the protective effect of the hDAF 
protein synthesized in the transgenic pigs in human 
complement^mediated cell b^sis assc^. The endothelial 
cells from three transgenic descendants and a non* 
transgenic pig were subjected to the cell lysia assay. 
A non-transgenic pig endothelial cell line (WDB2), 
transfected with hDAF gene (Miyagawa et al., 1994), 
were used as a positive control celis expressing hDAF at 
the similar levels of the transgenic pig ceUs. The cells 
were cultured in the medium containing 20% or 40% of 
NHS followed by an LDH release assay. High death 
rates of the cella were observed in the non-treated, non- 
transgenic pig cells by adding NHS in the medium 
(Fig. 7). A significant decrease in the rates was 
observed in the ceDs from transgenic pigs and the 
hDAF eacpressing non-transgenic pig cells with any 
concentration of NHS. 

DISCUSSION 
To overcome early m£^or r^ections such as HAE end 
AVE as well as cell-mediated rejections in pig*to- 
human xenotransplantation, it would be necessary to 
modify pigs with genes effective for complement regul- 
ation, reduction of xenoantigens, and NK cell regula- 
tion. Such gene modifications require transgenic 
technology in pigs induding doning and homologous 
recombination techniques as well as accumulation of 
information about regulatory elements f genes useful 
to express heterologous genes in targeted tissues in 
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TABX.& 2. KamiimoctaiiUbag Profile of liBGues in the 
Transgenic Pi|^ 



KfUla 




Tntenfiitv 


Heart 


Endoxnyocardium 


-H- 




Atrial myocardium 


•f-f 




Ventricular ixQ^ocardium 


+ 


Kidney 


Glomeruli 


+-H- 


Proximal tubules 


-IH- 




Distal tubules 


+/- 


Liver 


Het^tocvtes 






SiniTfloifl^l Capillaries 






Interlobular arteries 


-HH- 




Interlobular veins 






BuB OUCtS 


+/— 


Fancxeas 


Exocrine £}and cells 


+/— 




Islets 


+ 


Lung 


Alveolar epdthelia 




Bronchiolar epithelia 


++ 


Cerebrum 


Cerebral eortax 


++ 




Cerebral medulla 


++ 


Skin 


Epidermis 


■H- 




Dermis . 


+ 


Spleeu 


Pulps 
Traoeculae 


+ 


Aorta 


Vascular endothelia 


+++ 




Smooth muBde 


++ 




Capillary endothelia 


+++ 




Small arterie walls 


+++ 




Small vessel walls 


+-H- 




Nerve (fibers 


+-H- 



*In all organs ^eamined: Grading scale: +/-»Btained 
equivocallyj +== stained treaWty; ++ = stained moderately; 
+++ ^ stained intense!^. 

Data from hemizygous oHepdngs of a transgenic lino DmI 
was used* 



pigs. In the present study, we used a pig endogenotid 
gene promoter to express hDAF in pigs. The pMCP is a 
compleznent regulatoiy protein broadly expressed in 
pigs like human MCP with some exceptions. For 
examplei the pMCP is expressed on the PBBCs and 
pancreatic islets where human MCP is not expressed 
(Bennet et aL« 2000). ParticularKy, the pMGF is in- 
tensely oppressed on the vascular endothelia (Perez de 
la Lastra et aL, 1999} that are the first target of human 
natural antibodies and following EAR and AVR. In this 
regard, we hypothesized that the regulatory elements 
of the pMCP gene are good candidates the gene 
promoters for transgenic pigs useful for xenotransplan- 
tation. We used two variants of the pMCP gene pro- 
moter region in hDAF gene constructs and obtained 
transgenic pigs only with a gene construct bearing the 
0.9 kb promoter. With 6.4 kb promoter, frequency of live 
births decreased, suggesting some deleterious effects of 
the gene on early development in pigs. In our previous 
studies, transgenic mice wero produced in similar 
frequencies with the two gene constructs (Murakami 
et aL, 2000). The reason for the difference is unclear, 
but may be dependent upon some spedes-specific 
regulatcny mechanism. Mosaicism of transgene inte- 
gration was very frequent in the transgenic pigs. In 
three of the four transgenic lineSi transgenic rates in 
the second generation wer lower than 30%, indicating 




Fig:d. CooipArath^uialjr«i«ofthe«s;pr«eaionofbDAF 
An EUaA wu pectaned m9 deecribed in Material and M«^^ 
crguu (hMit, Jung, kidocy, Uvcp, and skin from top to bottom) from 
nin« trflzxsgenic and threo control non-tnnagsnio daaoendanta from 
Dml «n4 Pm4 lines and ahuminwgra used in this sto^y- rmlto 
on tba trusSganic diacmdazita repsment the mean value of tfat 
mMsuT«xii*zita in ti^ilicat»i and tho«« on &e control noi^trancgtaic 
dteotmlanti and honus iBpreaent maan ifc S^IM of three indopttndsnt ' 
BssaBSBUiita. 

a mosaicism in sexual ^ands. These results coincided 
with the results of FACS analysis with the PRBCa from 
the founder pigs. The three founder pigs had on}y 10%- 
60% of PRBCfl, which were expressing hDAF (data not 
shown). However, all the PRBCs from piglets in the 
second generations of all the three lines expressed 
hDAF, 

Expression profiles of hDAF in different tissues from 
descendants of two transgenic piff lines Dml and Dm4 
were similar (Table 2), except that the staining 
intensity was variable in Dm4 descendants. Vascular 
endothelial walls had particularly hi^ expression in 
all organs from descendants of both lines. The levels of 
hDAF on aorta endothelial cells frt)m the transgenic 
pigs were twice those on human endothelial cells. Tliese 
results indicate that pMCP promoter is useful to exp- 
ress heterologous proteins in vascular endothelial ceUa 
and various other cells in a wide range of organs* 

The hDAF ezpresaion on PRBCs decreased as the 
pigs grew older (data not shown). No change of hDAF 
expression with age was seen in the other tissues or 
cells such as vascular endothelial ceUa. Expression 
levels of ndogenous pM(3P on PRBCs In transgenic 
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A) BndothBlial CeHs 




g B) Splenocytes 




FL2-Herpht 



Fiy. 4. Flow cytometric analysis of tb« bDAF gxprMsion on tht aorta gndntftaHgl oalla (A) and 
splenoQftes CB) firom Dml trazugBnio or non-traiisgaziie dsaoaxidantB. Jha hDAP sxproBoiOQ intenaStSes of 
tha pig calls wara c ompar ed mth HAEGa (A) or human periphflral Wood lymphocytea CB). HDAF were 
datoctad using s bi9tiz]ylAted onti-hDAF znAb (ZAIO) mod otreptav^lzi-ooi^ugated phyco^Tthria fo]la»ed 
by fiowqrtometrio analjaiB. 



and noxLtraxsgenic pigs assessed using anti-pMCP znAb, 
did not chang9 with ag9 (data not showzi)* Also, in the 
transgenic mice previously produced with the same 
gene constructsi downreguIatioD in the esqyression of 
hDAF on PRBCa with age did not occur (unpublished 
results). Therefore, enich downregulation of the tran^- 
gene expression was dependent upon species and 
tissues. 

Quantities of hDAF protein espressed in different 
organs varied between the two lines (Fig, S). In the 
Dml line, the descendants had wTnilar leveb of hDAF 



expression. The ejqireBsion levels in Dml line were 
greater than those (Mfthe corresponding human organs. 
The descendants in Dm4 line had various expression 
levels of hDAF, This can be accounted for by two 
different transgene integration sites as described 
above. The highest esipresser in the Dm4 descendants 
exhibited as bigh as Dml descendants. Interesting, 
liver from low expresser fDm4 descendants exhibited 
constantly higher amounts of hDAF than Dml descent 
dants with similar staining prx>files in imihuilohiBto- 
chemical stainings as shown in Table 2. 
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Fi^ 5. W«tt«ni blotting anmijvia with £tv«r ttxtncti. Th« Uw 
eitMCts w«n ooncentrmt^d with immunoprocipitrtion with an antt- 
WDAP mAb <IIH«) mnd Mtalyzcd bjr W«it«ni blotting Tieing «a Miti- 
hDA? znAb Vm? a« ea 3 to 4) w th» OTOtrol Jrralevuit 
to 8). tmnm 1 tad 5. moIeeuUr mukvn; Lazm 3 and 6. Dml 
tewiagonio daeeendaAt; Lmxt$ 3 «nd 7, non-trmnogenic descendant: 
Lraav 4 ukd 8, huxbtn PRBCf uMd a« a poeitlve control 

Previoufl reports suggested that the surface ostpres- 
sion of hDAP, but not hMCP, on human celb is 
upregulated under inflainmatoiy conditions in vitro 
(Masqn et aL, 1999). We Investigated whether hDAF 
expression is upr^gulated in our transgenic pigg with 
cytokines that exist at sites of iiiflammation. The 
cytokins stimulation induced a two-fold increase of 
the hDAP expression in the human cells as expected, 
whereas it had no effect on hDAF expression in the 
transgenic pig cells, suggesting that the pMOP gene 
may not have a feedback mechanism that responds to 
the stimulation of cytokines or inflammation. Interest- 
ingly, the levels of hDAF on the stimulated human cells 
were comparable to those of the resting transgenic niir 
cells (Fig. 6). ^ 6 pig 

Human islet cells express hCD69, but not hMCP or 
hDAF. On the contrary, porcine islet cells express both 
pCD59 and pMCP. Previous examination showed that 



pancreatic islet cells fr m the hDAF transgenic pigs 
produced with hDAF minigen esxpressed no or mar- 
ginal amounts of hDAF (Bennet et al., 2000). We are 
conducting further examinations to determine the level 
of hDAF expressed in islet cells from the transgenic 
pigs produced in this study. 

Previous studies suggested that the genetic modifica- 
tions with genes of complement regulatory factors are 
effective in preventing HAR, but not AVR in pig-to- 
primate transplantation (Schmoeckel et al., 1998). For 
preventing AVR, in addition to control of complement 
activation, reduction of xenoantigens such as a-Oal in 
pig organs would be necessaxy. Recently, we have 
produced transgenic pig lines eaqjressing a glyceryl- 
transferase; human ^i>-mannoside &-l,4-JV<acetylgiu- 
cosaminyltransferase in (GnT-IH). Xenoantigens in 
the GnT-m transgenic pigs were remodeled and their 
cells resisted against both complement- and natural 
killer cell-mediated pig cell fyais (Mgragawa et aL, 
2001), We plan to produce transgenic pigs expressixxg 
both hDAF and GnT-m by crossing the transgenic pig 
lines. Such transgenic pigs would contribute to an 
improvement of the donor pigs for xenotransplantation. 

Another problem in xenotransplantation using pigs 
is a risk of Infection with pordne endogenous retro- 
viruses (PERVs) to the human recipients (Patience 
et al., 1997). As th«y are prepent in a hi^ copy number 
in pig genomes, it may be difficult to eliminate these 
proviruses by availaOjIe genetic technologies. However, 
there is no evidence that patients who have ever been 
transplanted with pig organs are infected with PERVs 
(Paradis et al., 1999). Therefore, for the time beang, a 
careftil assessment of whether human patients treated 
with xeno^rgans, tissues, or cells are infected with 
PERVs and pose a risk to other people should be 
conducted. If PERVs are found not to result in clinical 
problems in the organ recipients for many years, the 
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E^e* 7. Huznui Bvnuxi-mediatBd cell lyaU aasky of flodothelial oeUi 
from transffvnie ud non-trusgcziio pigs. Oslla from a control pig and 
t}ire8 transgenic descandaati of Dm! or Dm4 Hnaa, and a pSg 
endotheliil oeQ Una (WDB2) aaqiroBsizig HDAF two timoo hi^er than 
HUVEC wars trsitsd with 20% or iO% of NHS «8 dMCXibed ia 
Matarialfl and Mofthod*. Cellf from tranggeo^ plge ind W0B2 CftUfl 
were significantly more reoiofcent th«i control ceUa. *? < 0,01. 

benefit of a successfiilty improved xenotranBplajatation 
may outweigb the riaka of the infection of PERV$. 
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